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A B S T R A C T   

Measuring the thermal shock crack growth process is crucial for revealing ceramic materials and structures’ 
thermal shock failure mechanisms and evaluating their reliability. We used a self-made water quenching system 
to conduct thermal shock tests on alumina and zirconia ceramics. The thermal shock process was recorded by 
high-speed digital image correlation (DIC) during the test. The process of thermal shock crack initiation and 
propagation in two kinds of ceramics was determined by analyzing the speckle image change on the sample’s 
surface. It is found that the crack growth rate of alumina is faster than that of zirconia, which is caused by 
different material parameters. This paper presents an in-situ measurement method for the initiation and prop
agation of thermal shock cracking in ceramic materials. It can provide a measurement method to identify and 
predict the thermal shock damage of ceramic components.   

1. Introduction 

Due to the brittleness of ceramics, it is easy to cause thermal shock 
failure due to uneven deformation when the ambient temperature 
changes sharply, an inherent defect of ceramic materials [1]. Generally, 
the thermal shock performance of ceramic is evaluated using water 
quenching [2–4], flame [5], irradiation [6], and laser [7]. The critical 
parameters in the evaluation are the crack morphology and residual 
strength of specimens after thermal shock [6–11]. However, these 
experimental results are all after thermal shock, and there is little 
experimental verification of real-time crack growth. The real-time re
sults are very important for studying damage mechanisms [8]. We 
observed and studied the real-time thermal shock crack propagation of 
translucent alumina ceramics in the early stage [8,9]. The reflection and 
refraction of light can record the crack propagation under thermal 
shock. But for the vast majority of non-transparent ceramics, it seems 
powerless. 

In the recent ten years, there have been a lot of theoretical studies on 
the initiation and propagation of thermal shock cracks [10–15]. 

Remarkable scientific progress has been achieved in the initiation and 
propagation of thermal shock cracks in ceramics, but mainly for alumina 
ceramics. Therefore, it is urgent to develop a method that can measure 
the thermal shock cracking of opaque ceramics in real time to evaluate 
the failure process of ceramic thermal shock and understand the failure 
mechanism. 

Digital image correlation (DIC) has been widely used to measure the 
deformation field evolution of solid materials in many fields [16–20]. It 
also includes the crack characterization of brittle materials after thermal 
shock cycles [19,20]. The above is the characterization under the uni
form field temperature field. However, there are few reports on thermal 
shock crack identification under the time-varying temperature field. It 
may be challenging to solve such problems because it needs to fully and 
accurately understand materials’ mechanical and physical properties as 
well as the actual initial and boundary conditions. 

This study aims to develop an experimental method for the real-time 
measurement of thermal shock cracks. Using the designed real-time 
observation device of water quenching and DIC, we have observed 
and studied the initiation and propagation of thermal shock cracks in 
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Fig. 1. SEM of fracture surface of ceramics (a) Al2O3, (b) 3Y-ZrO2.  

Fig. 2. Schematic illustration of the experimental setup of the water quenching thermal shock and digital image correlation.  

Fig. 3. The corresponding temperature field change of the test area during the thermal shock of Al2O3 at 160 ◦C (a) 0.07 s, (b) 0.23 s, (c) 0.33 s, (d) 1.31 s.  
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two opaque ceramic materials, Al2O3 and 3Y-ZrO2. They are selected 
because they significantly differ in thermal conductivity and fracture 
toughness, and our previous simulation finds that they have a significant 
difference in crack growth rate [21]. So, the difference in crack growth 
rate between the two ceramics is also compared. 

2. Experiment 

2.1. Materials and preparation 

We purchased the Al2O3 (grain size 7.5 µm) and 3Y-ZrO2 (grain size 
0.6 µm) from Zhuhai Jiawei Ceramics Co., Ltd., China. The above ce
ramics have the size of 1 mm × 10 mm × 50 mm and are prepared by 
tape casting method. The fracture surfaces of the ceramics are shown in 
Fig. 1. 

2.2. Speckle preparation 

We made unified speckle preparation for the two specimens. That is, 
spray a thin layer of black speckle on the surface of 50 × 10 mm2, then 
spray white speckle randomly to use a CCD camera to record the 
instantaneous change of the specimen’s surface and obtain the image of 
the strain field, as shown in Fig. 2. The speckle thickness is controlled 
below 0.025 mm compared with the 1 mm thick sample to reduce the 
influence on the deformation of the sample. 

We use high-temperature speckles (Gootgt-201, Shenzhen Gangtu 
Trading Co., Ltd., China), which can be used at 600 ◦C. It meets the 
speckle requirements of our test temperature of 400 ◦C. We adopted the 
speckle pattern assessment software (Glare) and measured that the 
speckle size was between 4.68 and 4.94 pixels [22]. We also found that 
the average gray gradient was between 21.59 and 23.27 [22]. The above 

key parameters meet the requirements of standard speckle calculation 
[22,23]. 

2.3. Thermal shock test 

The thermal shock test of the sample is carried out by water 
quenching. We use two quartz glass fixtures to clamp the speckled 
ceramic sheet into a sandwich structure, as shown in Fig. 2. Put the 
sample into the muffle furnace with the temperature of 400 ◦C, keep it 
for 30 min, and then quickly take it out (within 5 s) and place it on a 
fixture with a pre-focused position. Tubes above the sample start to 
spray water downward for 0.3 s at the speed of 4 ml/s for the test. 
Meanwhile, the high-speed camera (phantom V2020, Wayne, NJ, USA) 
facing the sample collects speckle images during thermal shock at 1000 
frames / s. We selected a rectangular area of 14.62 × 9.69 mm2 

(1280 × 800 pixels) from the speckle images of the specimen for 
calculation, as shown in Fig. 2. 

We use a germanium window instead of a quartz glass to observe the 
temperature change of ceramic during water quenching with a thermal 
imager (FLIR T650sc FLIR Systems, Wilsonville, OR, USA). The corre
sponding temperature measurement results of the test area are shown in 
Fig. 3 and supplementary video S1. Because the germanium window 
cannot withstand high-temperature water quenching, we measured the 
temperature change of the test at 160 ◦C instead. As expected, the 
temperature change during water quenching is relatively uniform along 
the horizontal direction. 

2.4. Measurement of surface strain fields 

The DIC method is a technology to measure the changes in images of 
an object before and after surface deformation. Based on the DIC 

Fig. 4. (a) - (d) the DIC horizontal strain field change with time during the thermal shock of Al2O3, (e) all the cracks that appear and disappear in the above process, 
and (f) the cracks taken from dyeing after thermal shock. 
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method, the changes of horizontal and vertical strains on the ceramic 
surface can be obtained during the fracture process under thermal shock. 
Because the thermal shock surface is horizontal, the quartz window has 
a temperature gradient in the vertical direction during quenching. The 
refractive index in the vertical direction will be different, and a stress 

gradient will also be introduced. Therefore, the speckles of the test will 
introduce errors in the measurement of vertical strain when they pass 
through the quartz glass to the camera [24]. The temperature can be 
considered relatively uniform in the horizontal direction, as seen in 
Fig. 3 and supplementary video S1. In this way, because the refraction of 
light is basically the same, the error introduced in the measurement of 
horizontal strain will be tiny. In addition, because the crack mainly 
propagates along the vertical direction, we use the horizontal strain as 
the basis for identifying the crack. 

Usually, we need to use mechanical strain as the comparison of strain 
field, that is, by subtracting temperature strain from DIC measured 
strain. Because of the temperature uniformity in the horizontal direc
tion, the total DIC measured strain is used here to replace the mechanical 

Fig. 5. (a) - (d) the DIC horizontal strain field change with time during the thermal shock of 3Y-ZrO2, (e) all the cracks that appear and disappear in the above 
process, and (f) the cracks taken from dyeing after thermal shock. 

Table 1 
Crack growth rates of Al2O3 and 3Y-ZrO2 calculated by DIC under thermal shock.  

Average speed (mm/s) Al2O3 3Y-ZrO2 

0.2 s 
Whole process 

5.96 ± 0.92 
2.40 ± 0.58 

2.32 ± 0.42 
0.91 ± 0.06  

Fig. 6. Crack lengths change with time calculated by DIC under thermal shock (a) Al2O3, and (b) 3Y-ZrO2.  
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strain. By this method, we successfully observed the propagation of the 
thermal shock cracks. We can obtain the average crack growth rate 
through different crack lengths from a series of images recorded in the 
experiment. 

We use the open-source DIC program, Ncorr, to analyze the collected 
images [25]. During calculation, the subset size of 21 pixels and step size 
of 2 pixels were selected to calculate the displacement field, and then the 
strain filter size of 11 was selected to calculate the strain field. 

2.5. Crack comparison 

Because the ceramics are opaque, we dye the cracks of the ceramics 
after thermal shock. Put the water-quenched sample in blue ink 
(Shanghai ink factory, Shanghai, China) for 1 min, then take it out and 
dry it. The crack morphology on the back of the speckled surface can be 
obtained by scanning with a scanner and comparing them with the DIC 
results. 

3. Result and discussion 

Fig. 4 and supplementary video S2 show the DIC horizontal strain 
field change with time during the thermal shock of Al2O3 and the cracks 
taken from dyeing after thermal shock. 

For Al2O3, the DIC strain field obtained from the thermal shock test 
sample shows a non-uniform horizontal strain εx distribution when 
water contacts the sample for about 0.08 s, as shown in Fig. 4a. Several 
areas appear at certain intervals near the upper surface in contact with 
water, among which the extreme values of εx exceed the threshold value 
of 0.001, indicating that the sample shrinks under the influence of water 
quenching and small cracks that start and go forward appear. At about 
0.25 s, some short cracks stop growing, and the remaining long cracks 
continue to grow. That is, crack hierarchy occurs [9,14], as shown in 
Fig. 4b. At about 0.33 s, the short crack that did not grow slowly shrinks 
back, and the long crack continues to grow, as shown in Fig. 4c. It is 
because the tensile stress is large when the small cracks grow together 
before. Still, when the long crack grows, the tensile stress in the small 
crack area gradually decreases. Hence, the virtual strain gradually de
creases and cannot be identified (of course, the temperature strain also 
has a certain influence). At about 1.31 s, the small cracks have dis
appeared, and the long cracks have reached the maximum, as shown in 
Fig. 4c. Similarly, at about 2.31 s, the long crack also became shorter. 
Fig. 4e is a DIC crack diagram that draws all the cracks that appear and 
disappear in the above process. We can see that it is in good agreement 
with the results of the dyeing test, as shown in Fig. 4f. Note that there is 
about 0.3 mm speckle contact with water during the test, which will 
introduce some errors in the speckle calculation. Therefore, we did not 
use the data about 0.45 mm from the surface, which is the length of most 
short cracks. The above phenomena also show that measuring crack 
growth under thermal shock is challenging. In addition, the thermal 
shock crack growth of alumina identified by DIC technology during 
water quenching is consistent with that of translucent alumina in the 
previous study [9]. 

Fig. 5 and supplementary video S3 show the DIC horizontal strain 
field change with time during the thermal shock of 3Y-ZrO2 and the 
cracks taken from dyeing after thermal shock. We can see that 3Y-ZrO2 
has a crack hierarchy structure similar to Al2O3. The DIC strains’ crack 
growth and disappearance phenomenon are also very close. Similarly, 
when all cracks are in the most extended state, we can see that the DIC 
cracks are in good agreement with the results after the dyeing test, as 
shown in Fig. 5e and f. 

We can get the full-field crack map at different thermal shock times 
through the DIC method. Through comparison, it is found that the effect 
of full-field crack identification is excellent, which can directly reflect 
the crack propagation on the surface of ceramic materials. 

However, we find that the crack growth rates of Al2O3 and 3Y-ZrO2 
are different. We selected the longest four cracks for comparison. We can 

see that the crack growth rate of alumina is close to three times that of 
zirconia, as shown in Table 1 and Fig. 6. It is mainly because alumina has 
a lower fracture toughness and a higher thermal conductivity than zir
conia, which is consistent with our previous calculation of phase-field 
[21]. 

4. Conclusions 

Water quenching thermal shock experiments were carried out on 
opaque Al2O3 and 3Y-ZrO2 ceramic materials. We used DIC technology 
to measure the thermal shock cracks in situ. The results show that the 
crack morphologies of the two ceramics after water quenching by DIC 
technology are very close to the dyeing method. The thermal shock 
crack growth of Al2O3 identified by DIC technology during water 
quenching is consistent with that of translucent Al2O3 in the early stage. 
It can be considered that this paper presents an in-situ measurement 
method for the initiation and propagation of water-quenched thermal 
shock cracks in opaque ceramics. In addition, it is also found that alu
mina’s thermal shock crack growth rate is faster than that of zirconia 
due to different material properties. 
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